Grain size is one of the key agronomic traits that determine grain yield in crops. However, the mechanisms underlying grain size control in crops remain elusive. Here we demonstrate that the OsMKKK10-OsMKK4-OsMAPK6 signaling pathway positively regulates grain size and weight in rice. In rice, loss of OsMKKK10 function results in small and light grains, short panicles, and semi-dwarf plants, while overexpression of constitutively active OsMKKK10 (CA-OsMKKK10) results in large and heavy grains, long panicles, and tall plants. OsMKKK10 interacts with and phosphorylates OsMKK4. We identified an OsMKK4 gain-of-function mutant (large11-1D) that produces large and heavy grains. OsMKK4
INTRODUCTION
Rice is an important cereal crop worldwide, and grain size is a key factor determining grain yield in rice. Several genes regulating rice grain size have been identified, and these genes control grain growth by influencing cell proliferation and/or cell expansion in spikelet hulls . A few beneficial alleles have been widely selected to improve grain yield in rice breeding programs (Fan et al., 2006; Mao et al., 2010; Li et al., 2011; Wang et al., 2012 Wang et al., , 2015a Wang et al., , 2015b Ishimaru et al., 2013; Zhou et al., 2015; Si et al., 2016; Duan et al., 2017; Liu et al., 2017) . However, the genetic and molecular mechanisms that determine grain size in rice remain largely unknown.
Mitogen-activated protein kinase (MAPK) cascades, which transmit exogenous or developmental signals to target molecules through sequential phosphorylation (Andreasson and Ellis, 2010; Pitzschke, 2015; , are highly conserved signaling mechanisms in eukaryotes (Widmann et al., 1999; MAPK Group, 2002) . A MAPK cascade contains at least three kinases: an MAPK kinase kinase (MKKK), an MAPK kinase (MKK), and an MAPK. MAPK signaling pathways have been shown to play important roles in defense responses and in multiple processes related to plant growth and development (Meng and Zhang, 2013; . For example, the MEKK1-MKK1/2-MAPK4 cascade is a key signaling module in the flagellin-mediated innate immune response in Arabidopsis (Petersen et al., 2000; Kong et al., 2012) . The YODA-MKK4/5-MAPK3/6 module plays a critical role in stomatal patterning and inflorescence architecture (Bergmann et al., 2004; Wang et al., 2007; Meng et al., 2012) . The ANP-MKK6-MAPK4 cascade is required for cytokinesis (Krysan et al., 2002; Kosetsu et al., 2010) . These studies indicate that plants use different combinations of MKKK, MKK, and MAPK proteins to regulate distinct biological processes. Rice plants with loss-of-function of OsMKK4 or OsMAPK6 have a semi-dwarf phenotype and produce small grains (Duan et al., 2014; Liu et al., 2015) . The mitogen-activated protein kinase phosphatase OsMKP1 has been recently reported to repress grain growth by regulating MAPK signaling (Guo et al., 2018) . However, how plant MAPK cascades participate in the regulation of seed/ grain size is still largely unknown.
To understand the genetic and molecular mechanisms of grain size control in rice, we have sought to identify grain size regulators, whose loss and gain of functions oppositely influence grain size. In this study, we demonstrate the function of the OsMKKK10-OsMKK4-OsMAPK6 cascade in rice grain size control. Plants with loss of OsMKKK10 function produce small and light grains, while those overexpressing constitutively active OsMKKK10 (CA-OsMKKK10) produce large and heavy grains. Biochemical analyses revealed that OsMKKK10 interacts with and phosphorylates OsMKK4. Rice plants with enhanced OsMKK4 activity produce large and heavy grains. Biochemical and genetic analyses suggest that OsMKKK10, OsMKK4, and OsMAPK6 act in a common pathway to regulate grain size.
RESULTS

smg2-1 Forms Small Grains due to Decreased Cell Proliferation
To investigate the underlying mechanisms that control grain size, we have identified a series of rice grain size mutants (Duan et al., 2014; Fang et al., 2016; Huang et al., 2017) . The small grain 2 (smg2-1) mutant was isolated from the M2 population of ethyl methanesulfonate (EMS)-treated japonica variety Kuanyejing (KYJ). The grains of the smg2-1 mutant were obviously smaller than those of KYJ ( Figure 1A and 1B). The average length, width, and weight of smg2-1 grains were dramatically reduced compared with those of wild-type grains ( Figure 1C ), indicating that SMG2 is required for normal grain growth.
Plants and panicles of smg2-1 were obviously shorter than those of KYJ (Supplemental Figure 1) . The panicle axis of smg2-1 was significantly shorter than that of KYJ (Supplemental Figure 1D and 1F), while the primary panicle branch number, secondary panicle branch number, and grain number per panicle in smg2-1 were comparable with those in KYJ (Supplemental Figure 1F) . Thus, the short panicle of smg2-1 resulted from the decreased panicle axis length.
It has been proposed that the spikelet hulls determine the final size of a grain . Changes in both cell size and cell number affect the final size of a spikelet hull . Therefore, we examined cells in the spikelet hulls of KYJ and smg2-1. The average length and width of outer epidermal cells in smg2-1 lemmas were indistinguishable from those in wild-type lemmas, while cell number in both the longitudinal and transverse directions in smg2-1 was significantly lower than that in the wild-type ( Figure 1D-1G ). These results show that SMG2 affects grain growth by regulating cell proliferation in spikelet hulls.
SMG2 Encodes OsMKKK10
To unravel the molecular basis of the phenotypes of smg2-1, we used the MutMap method to identify the smg2-1 mutation (Abe et al., 2012) . smg2-1 was crossed to KYJ to generate an F2 population. The segregation ratio of F2 plants showed that the small-grain phenotype of smg2-1 resulted from a single recessive mutation. Genome resequencing and SNP analysis were performed as described previously (Fang et al., 2016) . Six SNPs were identified as candidates for the smg2-1 mutation (Supplemental Table 1 ). Among these SNPs, four were identified in exons (Supplemental Table 1 ). SNP1, SNP2, and SNP3 are located in genes encoding retrotransposon proteins, while SNP4 results in a missense mutation of a serine codon to an asparagine codon in LOC_Os04g47240, suggesting that LOC_Os04g47240 could be the SMG2 gene (Figure 2A and 2C; Supplemental Table 1 ). The cosegregation of this mutation with the smg2-1 phenotype was further confirmed using a derived cleaved amplified polymorphic sequences (dCAPS) marker, which was designed to detect SNP4 ( Figure 2B ). Introduction of the genomic fragment of LOC_Os04g47240 from KYJ into the smg2-1 mutant complemented the smg2-1 phenotypes ( Figure 2D -2F and Supplemental Figure 2 ). Thus, these results reveal that LOC_Os04g47240 is the SMG2 gene.
The SMG2 gene (LOC_Os04g47240) encodes an MKKK10 (OsMKKK10) (Rao et al., 2010) , which has not been functionally characterized in rice. SMG2/OsMKKK10 contains a conserved serine/threonine protein kinase domain (S_TKc) ( Figure 2C ). By searching the NCBI database (https://blast.ncbi.nlm.nih.gov/ Blast.cgi), we identified proteins homologous to SMG2/ OsMKKK10 in various higher plants (Supplemental Figure 3) . The serine-to-asparagine mutation in smg2-1 mutant is located in the serine/threonine protein kinase domain (S_TKc) ( Figure 2C and Supplemental Figure 4 ). OsMKKK10 shares significant sequence similarity with Arabidopsis YODA (Supplemental Figure 5) , which is involved in multiple developmental processes, such as epidermal patterning, inflorescence architecture, anther development, and embryogenesis, although no function in seed/ grain size has been described previously (Bergmann et al., 2004; Lukowitz et al., 2004; Wang et al., 2007; Lampard et al., 2008; Kim et al., 2012; Zhang et al., 2016) .
As SMG2 controls grain size, we investigated the expression pattern of SMG2 by performing real-time qRT-PCR assays. SMG2 mRNA was detected in roots, stems, leaves, leaf sheaths, and developing panicles ( Figure 2G and Supplemental Figure 6A ). A relatively high mRNA level was observed in very young panicles ( Figure 2G ). Transgenic plants containing an SMG2 promoter:GUS fusion (pSMG2:GUS) were generated. b-Glucuronidase (GUS) staining was detectable in seedlings, stems, leaves, and panicles ( Figure 2H and Supplemental Figure 6B -6D). In addition, GUS activity in young panicles was slightly stronger than that in old ones. Therefore, the expression pattern of SMG2 in panicles is consistent with its role in cell proliferation in spikelet hulls.
Overexpression of Constitutively Active
OsMKKK10 Results in Large Grains, Long Panicles, and Tall Plants
As the smg2-1 mutant formed small grains, we asked whether OsMKKK10 could promote grain growth. To address this question, we generated a constitutively active version of OsMKKK10 (CA-OsMKKK10) based on CA-YODA in Arabidopsis (Supplemental Figure 7) , and overexpressed CA-OsMKKK10 in the japonica variety Zhonghua11 (ZH11). As shown in Figure 3 , plants overexpressing CA-OsMKKK10 produced larger and heavier grains than ZH11 ( Figure 3C -3E and 3G), indicating that OsMKKK10 is a positive regulator of grain size and weight in rice. The CA-OsMKKK10 plants were taller than ZH11 ( Figure 3A and Supplemental Figure 8C ) and also formed longer and larger panicles than ZH11 ( Figure 3B ; Supplemental Figure 8A , 8B, and 8D). Thus, overexpression of CA-OsMKKK10 results in large and heavy grains, long panicles, and tall plants.
We then examined the cellular basis for the large-grain phenotype of CA-OsMKKK10 plants. As shown in Figure 3F , the average length of outer epidermal cells in CA-OsMKKK10 lemmas was comparable with that in ZH11 lemmas, while cell number in the longitudinal direction of CA-OsMKKK10 rice grains was significantly higher compared with that in ZH11 rice grains. Thus, OsMKKK10 promotes grain growth by increasing cell proliferation.
OsMKKK10 Interacts with and Phosphorylates OsMKK4
We have previously revealed that loss of OsMKK4 function leads to the production of small grains due to decreased cell number in spikelet hulls (Duan et al., 2014) , which is the same phenotype observed in the smg2-1 mutant. We therefore asked whether OsMKKK10 and OsMKK4 act in the same MAPK cascade to regulate grain size in rice. We first examined the interaction between OsMKKK10 and OsMKK4 using yeast two-hybrid assays. Unfortunately, we failed to detect the interaction of OsMKKK10 or CA-OsMKKK10 with OsMKK4 in yeast cells ( Figure 4A ). A previous study showed that the kinase-inactive version of AtMEKK1, an MKKK in Arabidopsis, interacts with its associated protein RACK1, but the interaction of active AtMEKK1 with RACK1 is not stable (Cheng et al., 2015) . We therefore asked whether the kinase-inactive version of OsMKKK10 could interact with OsMKK4. A kinase-inactive version of OsMKKK10 (OsMKKK10 K438M ) was generated based on the kinase-inactive version of AtMEKK1 (Supplemental Figure 7 ) (Cheng et al., 2015) . As we expected, a weak Values in (C), (F), and (G) are means ± SD relative to the KYJ value set at 100%. **P < 0.01 compared with the wild-type by Student's t-test. Scale bars, 1 mm (A and B) and 100 mm (D and E).
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A MAPK Signaling Pathway Controls Grain Size interaction between OsMKKK10 K438M and OsMKK4 was detected in yeast cells ( Figure 4A ).
To further confirm the interaction between OsMKKK10 and OsMKK4, we employed in vivo bimolecular fluorescence complementation (BiFC). OsMKKK10 was fused to the N-terminal fragment of YFP (nYFP), and OsMKK4 was fused to the C-terminal fragment of YFP (cYFP). We observed that transient expression of nYFP-OsMKKK10 alone or co-expression of nYFP-OsMKKK10 with cYFP-OsMKK4 in Nicotiana benthamiana leaves resulted in leaf wilting. Therefore, we failed to detect the YFP signal when nYFP-OsMKKK10 was co-expressed with cYFP-OsMKK4. We then tested whether the inactive OsMKKK10 K438M protein could interact with OsMKK4 by co-expressing cYFP-OsMKK4 and nYFP-OsMKKK10 K438M in N. benthamiana leaves. As shown in Figure 4B , co-expression of these proteins resulted in YFP fluorescence, while no YFP fluorescence was observed in negative controls. Thus, OsMKKK10 interacts with OsMKK4 in vivo. We also transiently expressed the GFP-OsMKKK10 K438M fusion protein in N. benthamiana. As shown in Supplemental Figure 9 , GFP fluorescence signals were detected at the cell periphery and in the cytoplasm and nuclei of epidermal cells. Thus, OsMKKK10 appears to be distributed ubiquitously in plant cells. We further validated the interaction between OsMKK4 and OsMKKK10 K438M by co-immunoprecipitation assays. 35S:GFPOsMKKK10 K438M and 35S:Myc-OsMKK4 were co-expressed in N. benthamiana leaves. Proteins were immunoprecipitated with GFP beads and then analyzed by immunoblot using anti-GFP and anti-Myc antibodies. Myc-OsMKK4 was co-immunoprecipitated with GFP-OsMKKK10 K438M but not with the negative control (GFP) ( Figure 4C ). Thus, these results suggest that OsMKKK10 associates with OsMKK4.
To test whether OsMKKK10 could phosphorylate OsMKK4, we expressed and purified a kinase-inactive version of OsMKK4 (OsMKK4 K122R ) (Yang et al., 2001) domain of OsMKKK10 (OsMKKK10KD) could phosphorylate OsMKK4. We therefore expressed and purified the kinase domain of OsMKKK10 (OsMKKK10KD) and the kinase domain of the smg2-1 mutant OsMKKK10 protein (OsMKKK10KD smg2-1 ). As shown in Figure 4D , OsMKKK10KD phosphorylated OsMKK4
K122R
, while OsMKKK10KD smg2-1 did not. Thus, OsMKKK10 can phosphorylate OsMKK4, and the smg2-1 mutation abolishes the kinase activity of OsMKKK10. In addition, BiFC analyses showed that the smg2-1 mutation does not affect the association of OsMKKK10 with OsMKK4 (Supplemental Figure 10 ). Taken together, these results indicate that OsMKKK10 interacts with and phosphorylates OsMKK4, and the protein encoded by the smg2-1 mutant abolishes the kinase activity of OsMKKK10 toward OsMKK4. Values in (D) to (F) are means ± SD relative to the ZH11 wild-type value set at 100%. **P < 0.01 and *P < 0.05 compared with the wild-type by Student's t-test. Scale bars, 10 cm (A and B) and 1 mm (C).
Large Grain 11, a Dominant Allele of OsMKK4, Produces Large and Heavy Grains
The large grain 11 (large11-1D) mutant was isolated from the M2 population of sodium azide-treated japonica variety Kongyu131. The large11-1D mutant formed longer grains and was shorter in height than Kongyu131 ( Figure 5A -5C and Supplemental Figure 11 ). The 1000-grain weight of large11-1D was significantly higher compared with that of Kongyu131 ( Figure 5D ). We investigated the cellular basis for the long-grain phenotype of large11-1D. The average length of the outer epidermal cells in large11-1D lemmas was comparable with that in Kongyu131 lemmas, while the cell number in the longitudinal direction of grains in large11-1D lemmas was significantly higher than that in Kongyu131 lemmas (Supplemental Figure 12) . These results indicate that large11-1D forms large grains due to increased cell proliferation.
The MutMap method (Abe et al., 2012) was used to identify the causative mutation of large11-1D. The large11-1D mutant was crossed with Kongyu131 to generate F1 progeny. The F1 plants produced large grains, confirming that large11-1D is a dominant mutation. The segregation ratio of F2 progeny showed that the phenotypes of large11-1D are controlled by a single dominant mutation. Genomic DNA from Kongyu131, a homozygous large11-1D mutant, a pool of 40 F2 plants with large11-1D phenotypes, and a pool of 40 F2 plants with wildtype phenotypes was used for whole-genome sequencing. We aligned short reads against the reference genome (Nipponbare) and identified 31 SNPs that showed linkage with large11-1D 864 Molecular Plant 11, 860-873, June 2018 ª The Author 2018.
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phenotypes. Among these SNPs, six were identified in exons (Supplemental Table 2 ). The SNP index of one SNP was 0.8, which best fits the genetic segregation ratio of the dominant large11-1D mutation in F2 plants. The association between this SNP and the large11-1D phenotype was further confirmed by a CAPS marker designed to detect this SNP ( Figure 5I ). This SNP results in a missense mutation in LOC_Os02g54600, suggesting that LOC_Os02g54600 may be the LARGE11 gene (Supplemental Table 2 ). Interestingly, LOC_Os02g54600 encodes OsMKK4 ( Figure 5G and 5H) . A genomic fragment of LOC_Os02g54600 from the large11-1D mutant (gOsMKK4 A227T ) was introduced into the ZH11 variety. Expression of gOsMKK4 A227T led to the same phenotypes observed in the large11-1D mutant, including large grains and short plant height (Figure 5E and 5F; Supplemental Figure 11 ), confirming that OsMKK4 is the LARGE11 gene.
OsMKK4 A227T Encoded by large11-1D Allele Exhibits Enhanced Kinase Activity
The large11-1D mutation causes a change in amino acid residue 227 in the kinase domain of OsMKK4 from alanine to threonine , FLAGOsMKKK10KD, and FLAG-MKKK10KD smg2-1 were expressed in E. coli. The in vitro phosphorylation reaction was performed using the purified proteins. OsMKK4 K122R phosphorylation was detected by mobility shifts on a Phos-tag SDS-PAGE gel.
( Figure 5H ). In our previous study we showed that a loss-of-function mutant of OsMKK4 formed small grains (Duan et al., 2014) , suggesting that OsMKK4 A227T could be a gain-of-function mutation. We presumed that OsMKK4 A227T could have enhanced kinase activity compared with that of OsMKK4. It has been reported that OsMKK4 can phosphorylate OsMAPK6 (Kishi-Kaboshi et al., 2010) . To test the kinase activity of OsMKK4 A227T , we expressed and purified a kinase-inactive version of OsMAPK6 (
) (Yang et al., 2001 ) from E. coli and used this protein as the substrate for OsMKK4
A227T for in vitro phosphorylation assays. OsMKK4DD, a constitutively active version of OsMKK4 (Yang et al., 2001) , was used as a positive control. A mobility shift on a Phos-tag SDS-PAGE gel was used as an indicator of OsMAPK6 K96R phosphorylation. As shown in Figure 5J , both OsMKK4 A227T and OsMKK4DD exhibited higher kinase activity toward OsMAPK6 K96R than OsMKK4. Thus,
OsMKK4
A227T encoded by the large11-1D allele has enhanced kinase activity compared with OsMKK4.
OsMKKK10 and OsMKK4 Act as a Molecular Module to Regulate Grain Size
As OsMKKK10 interacts with and phosphorylates OsMKK4, and both OsMKKK10 and OsMKK4 positively regulate grain size, we sought to establish the genetic relationships between OsMKKK10 and OsMKK4 in grain size control. We first tested whether expression of OsMKK4 A227T could rescue the (I) The CAPS marker developed to detect the large11-1D mutation. The restriction enzyme HphI was used to digest the PCR products. Figure 13A) , suggesting that these sites could be phosphorylated by OsMKKK10. We overexpressed the constitutively active OsMKK4DD protein in the japonica variety ZH11. Transgenic plants overexpressing OsMKK4DD produced obviously larger grains than ZH11 (Supplemental Figure 13B-13E ). The transgenic plants overexpressing OsMKK4DD were obviously shorter than wildtype plants (Supplemental Figure 13C) , just like the large11-1D mutant. The tiller angle was enlarged (Supplemental Figure 13C ), which could be due to the ectopic expression of OsMKK4DD. We also overexpressed OsMKK4 in ZH11. As shown in Supplemental Figure 14 , overexpression of OsMKK4 only slightly increased grain size. The height of plants overexpressing OsMKK4 was similar to that of ZH11. Thus, these results reveal that the phosphorylation of OsMKK4 in the conserved S/TxxxS/T motif is critical for its function in regulating grain size. Similarly, plants overexpressing the constitutively active CA-OsMKKK10 protein formed obviously large grains ( Figure 3C-3E ), while those overexpressing OsMKKK10 showed moderately increased grain size (Supplemental Figure 15) . Taken together, these genetic and biochemical analyses revealed that OsMKKK10 and OsMKK4 act as a module to regulate grain size.
OsMKKK10, OsMKK4, and OsMAPK6 Function in a Common Pathway to Regulate Grain Size
It has been reported that OsMKK4 phosphorylates OsMAPK6 (Kishi-Kaboshi et al., 2010). We previously found that rice plants with loss-of-function of OsMKK4 (smg1) and partial loss-of-function of OsMAPK6 (dsg1) form small grains (Duan et al., 2014; Liu et al., 2015) . In this study, our results reveal that OsMKKK10 and OsMKK4 act as a module to regulate grain size. Thus, it is possible that OsMKKK10, OsMKK4, and OsMAPK6 could act as a cascade to regulate grain size. To address this possibility, we tested whether OsMKK4 phosphorylated by OsMKKK10 could sequentially phosphorylate OsMAPK6. As shown in Figure 6A , OsMKKK10KD greatly enhanced the phosphorylation of OsMAPK6 by OsMKK4, suggesting that OsMKK4 phosphorylated by OsMKKK10 phosphorylates OsMAPK6. We then sought to identify the phosphorylated sites in OsMAPK6. The canonical TEY activation loop motif found in MAPKs is generally phosphorylated by upstream MAPK kinases (Bardwell et al., 1998; Bush and Krysan, 2007) . The anti-phospho-p44/ 42 MAPK (anti-pTEpY) antibody specifically recognizes the phosphorylated TEY loop motif. Therefore, we used this antibody to detect phosphorylated OsMAPK6. As shown in Figure 6A , the anti-pTEpY antibody recognized phosphorylated OsMAPK6, suggesting that OsMKK4 phosphorylates the canonical TEY activation loop motif of OsMAPK6. In previous studies, when the canonical TEY sequence was changed to AEF, the resulting protein was not able to be phosphorylated by its upstream MAPK kinase and played a dominant-negative role (Bardwell et al., 1998; Bush and Krysan, 2007) . We therefore changed the canonical TEY activation loop motif of OsMAPK6KR to AEF, generating DN-OsMAPK6KR. As shown in Figure 6B , OsMKK4DD did not phosphorylate DN-OsMAPK6, further indicating that these two amino acids are required for phosphorylation of OsMAPK6 by OsMKK4. We next expressed DNOsMAPK6 in the wild-type (ZH11). As shown in Figure 6C -6F, plants overexpressing DN-OsMAPK6 formed obviously small grains, suggesting that the sequential phosphorylation of OsMKK4 by OsMKKK10 and OsMAPK6 by OsMKK4 is important for grain size control. Plants overexpressing DN-OsMAPK6 were slightly shorter than wild-type (Supplemental Figure 16 ). We also expressed OsMAPK6 in ZH11 as a control. As shown in Supplemental Figure 17 , overexpression of OsMAPK6 slightly increased grain size, suggesting that the phosphorylation of OsMAPK6 in the canonical TEY activation loop motif is critical for its function in grain size control. To further assess whether the activity of OsMAPK6 is critical for regulating grain size, we transformed a constitutively active version of OsMAPK6 (CAOsMAPK6), in which the amino acid residue 144 (Y) was changed to C (Berriri et al., 2012) , into ZH11. As shown in Figure 7 , plants overexpressing CA-OsMAPK6 formed obviously large grains, and the height of these plants was similar to that of ZH11. Thus, OsMAPK6 activity is positively associated with grain size. We also overexpressed CA-OsMAPK6 in the smg1-1 mutant. As shown in Figure 8A -8C, overexpression of CAOsMAPK6 suppressed the small-grain phenotype of smg1-1. Taken together, these biochemical and genetic analyses demonstrate that OsMKKK10, OsMKK4, and OsMAPK6 act as a cascade to promote grain growth.
DISCUSSION
Grain size is one of the key factors determining grain yield in rice. Several genes regulating grain size have been characterized , and a few of them have been widely selected by rice breeders (Zuo and Li, 2014) . However, the molecular mechanisms that determine grain size in rice remain largely unknown. MAPK signaling pathways are conserved signaling mechanisms in eukaryotes and have been reported to play critical roles in multiple processes related to plant development and defense responses (Widmann et al., 1999; Meng and Zhang, 2013; . In this study, we demonstrate that OsMKKK10, OsMKK4, and OsMAPK6 function as a cascade to promote grain growth by increasing cell proliferation, suggesting that this MAPK signaling pathway holds the potential to increase grain size and weight in key crops.
Loss of function of OsMKKK10 caused the formation of small grains ( Figure 1A-1C) , while overexpression of CA-OsMKKK10 resulted in large grains ( Figure 3C-3E ), indicating that OsMKKK10 is a positive regulator of grain size in rice. Our previous study showed that loss of function of OsMKK4 led to the formation of small grains (Duan et al., 2014) . In this A MAPK Signaling Pathway Controls Grain Size study, we demonstrated that a gain-of-function mutant of OsMKK4 (large11-1D) produces large grains ( Figure 5A-5D ), indicating that OsMKK4 is a positive regulator of grain size. Biochemical analyses showed that OsMKKK10 interacts with and phosphorylates OsMKK4 (Figure 4 ), suggesting that OsMKKK10 and OsMKK4 could function as a cascade to promote grain growth. Further analyses indicated that the phosphorylation of OsMKK4 is critical for its function in grain size regulation (Supplemental Figures 13 and 14) . Genetic analyses suggested that OsMKKK10 and OsMKK4 act in a common pathway to regulate grain size ( Figure 5K and 5L). These results indicate that OsMKKK10 and OsMKK4 act as a module to promote grain growth.
It has been reported that OsMKK4 phosphorylates OsMAPK6 (Kishi-Kaboshi et al., 2010) , and we have previously reported that a mutant with partial loss-of-function of OsMAPK6 produces small grains . Here we show that plants overexpressing a constitutively active version of OsMAPK6 (CA-OsMAPK6) form large and heavy grains (Figure 7 ). Thus, it is possible that OsMKKK10, OsMKK4, and OsMAPK6 act as a cascade to regulate grain size. Supporting this idea, OsMKK4 phosphorylated by OsMKKK10 can sequentially phosphorylate OsMAPK6 ( Figure 6A ). The phosphorylation of OsMAPK6 is critical for its function in grain size regulation ( Figure 6B -6F and Supplemental Figure 17 ). Further genetic analyses suggested that OsMKK4 and OsMAPK6 act in a common pathway to regulate grain size ( Figure 8A-8C ). Taken together, our genetic and biochemical analyses revealed that OsMKKK10, OsMKK4, and OsMAPK6 act as a cascade to positively regulate grain size in rice. Based on these results, we propose a working model of how the OsMKKK10-OsMKK4-OsMAPK6 cascade controls grain size in rice ( Figure 8D ). Growth signals may activate the OsMKKK10-OsMKK4-OsMAPK6 cascade, and the activated OsMAPK6 regulates grain size by promoting cell proliferation in spikelet hulls ( Figure 8D ).
Plant genomes encode many MKKKs, MKKs, and MAPKs, which could form thousands of distinct MKKK-MKK-MAPK combinations (Seger and Krebs, 1995) . MKK4 has been shown to be the upstream kinase of MAPK6, and this MKK4-MAPK6 module regulates multiple aspects of plant defense and development in Arabidopsis and rice, such as pathogen responses, morphogenesis, embryogenesis, and abscission (Meng and Zhang, 2013; Singh and Jwa, 2013; . However, the upstream MKKKs of the MKK4-MAPK6 module are still largely unknown. Arabidopsis YODA is the upstream MKKK of the MKK4-MAPK6 module in the regulation of stomatal patterning and inflorescence development (Bergmann et al., 2004; Wang et al., 2007; Meng et al., 2012) . OsMKKK 3 acts upstream of the OsMKK4-OsMAPK6 module to mediate chitin signaling transduction in rice . AtMEKK1 has been proposed to act upstream of the MKK4-MAPK6 module in Arabidopsis innate immunity responses (Asai et al., 2002) . However, genetic studies have suggested that this is not the case (Ichimura et al., 2006; Nakagami et al., 2006; Suarez-Rodriguez et al., 2007) . The MKKKs that act upstream of the MKK4-MAPK6 module in regulating other biological processes are still unknown.
In this study, our biochemical and genetic analyses revealed OsMKKK10 as an upstream MKKK of the OsMKK4-OsMAPK6 module in the regulation of grain size in rice. Interestingly, OsMKKK10 shares sequence similarity with Arabidopsis YODA (Supplemental Figure 5) . In Arabidopsis, the YODA-MKK4-MAPK6 kinase cascade has been shown to regulate inflorescence architecture and stomatal patterning (Bergmann et al., 2004; Wang et al., 2007; Meng et al., 2012) . However, it is unclear whether this MAPK cascade regulates seed size in Arabidopsis. Here our findings demonstrate that the OsMKKK10-OsMKK4-OsMAPK6 cascade positively regulates rice grain size by increasing cell proliferation in spikelet hulls. Thus, it will be interesting to discover whether this MAPK cascade also regulates seed/grain size in Arabidopsis and other crop plants in the future.
Increased grain size is often associated with reduced grain number per panicle. We observed that the grain number per panicle of plants overexpressing CA-OsMKKK10, CA-OsMKK4, and CA-MAPK6 as well as that of large11-1D mutant plants was significantly reduced (Supplemental Figure 18) , while the grain number per panicle of the smg2-1 mutant was not obviously changed (Supplemental Figure 1F) , indicating that OsMKKK10, OsMKK4, and OsMAPK6 may negatively regulate this trait. This result also suggests a compensation mechanism between grain size and grain number in rice. Consistent with this idea, the MAPK phosphatase OsMKP1 regulates the trade-off between grain size and grain number by influencing the MAPK signaling (Guo et al., 2018) . The traits grain size and grain number per panicle have been selected by crop breeders during domestication. To investigate the natural genetic variation in OsMKKK10, OsMKK4, and OsMAPK6, we searched a public database of rice genomic variation. We found that rice varieties contain multiple SNPs in these genes (http://ricevarmap.ncpgr. cn). It would be interesting to investigate in the future whether OsMKKK10, OsMKK4, and OsMAPK6 have already been selected by breeders.
Previous studies have shown that OsMAPK6 is involved in embryogenesis and that loss of function of OsMAPK6 results in early embryo lethality (Yi et al., 2016; Minkenberg et al., 2017 ). Here we found that the embryos of smg2-1 and large11-1D grains were similar in appearance to those of their respective wild-type grains (Supplemental Figure 19) . It is possible that other OsMKKKs and OsMKKs function redundantly with OsMKKK10 and OsMKK4 to regulate embryogenesis. It has been shown that loss-of-function mutants of OsMKK4 and OsMAPK6 exhibit brassinosteroid (BR)-insensitive phenotypes (Duan et al., 2014; Liu et al., 2015) , suggesting a possible link between BR signaling and MAPK pathways. Supporting this idea, large11-1D is hypersensitive to BR, while smg2-1 exhibits BR-insensitive phenotypes (Supplemental Figure 20) . Taken together, these findings indicate that the OsMKKK10-OsMKK4-OsMAPK6 cascade regulates not only grain size but also multiple aspects of growth and development in rice.
METHODS Plant Materials and Growth Conditions
The smg2-1 and large11-1D mutants were isolated from EMS-treated japonica variety Kuanyejing (KYJ) and sodium azide-treated Kongyu131, respectively. Rice plants were grown in the experimental fields of Hainan 
Morphological and Cellular Analysis
Morphological and cellular analyses were performed as described previously (Fang et al., 2016) . After grains were scanned by a ScanMaker i560 (Microtek, China), SC-G software (Wseen, China) was used to measure grain length and width. For each sample, the lengths and widths of more than 40 grains were measured. Cell size was measured The smg2-1 and large11-1D mutations were identified using the MutMap approach (Abe et al., 2012) . For the recessive smg2-1 mutant, genome resequencing and SNP analysis were performed as described previously (Fang et al., 2016) . For the dominant large11-1D mutant, large11-1D was crossed to Kongyu131 to generate F2 progeny. Genomic DNA from Kongyu131, a homozygous large11-1D mutant, a pool of 40 F2 plants with large11-1D-phenotypes, and a pool of 40 F2 plants with Kongyu131-phenotypes was used for whole-genome resequencing. SNPs with a SNP index between 0 and 1 in the pool of F2 plants with large11-1D-phenotypes, a SNP index of 1 for the homozygous large11-1D mutant, and a SNP index of 0 for Kongyu131 and the pool of F2 plants with Kongyu131-phenotypes were identified. In all, 31 SNPs were identified and six of these SNPs were located in exons (Supplemental Table 2 ). For these six SNPs, only one SNP had a SNP index consistent with the genetic segregation ratio of a dominant mutation, and this SNP was selected as the candidate SNP for large11-1D.
Plasmid Construction and Plant Transformation
All constructs used in this study were made using a GBclonart Seamless Cloning Kit (Genebank Biosciences). A 10.5-kb genomic sequence of SMG2/OsMKKK10 was amplified from KYJ using the primers gSMG2-F and gSMG2-R and was then cloned into the SalI and HindIII sites of the pMDC99 vector to generate the plasmid gSMG2. A 4.6-kb sequence upstream of the start codon of SMG2 was amplified from KYJ using the primers pSMG2-F and pSMG2-R and was then cloned into the The primers used for these constructs are described in Supplemental 
RNA Extraction and Real-Time qRT-PCR
RNA extraction and real-time qRT-PCR were performed as described previously (Fang et al., 2016) . The primers are described in Supplemental Table 3 .
GUS Staining
GUS staining was performed as described previously . The developing panicles of pSMG2:GUS transgenic plants were stained in staining buffer for 10 h at 37 C, and 70% ethanol was then used to remove chlorophyll.
Yeast Two-Hybrid Assay
The OsMKK4 coding sequence was amplified using the primers OsMKK4-AD-F and OsMKK4-AD-R, and PCR products were inserted into the BamHI site of the prey vector pPR3-N. The coding sequences of OsMKKK10 and CA-OsMKKK10 were amplified using the primers OsMKKK10-BD-F and OsMKKK10-BD-R, and PCR products were then cloned into the NcoI site of the bait vector pDHB1. Table 3 . Yeast two-hybrid assays were performed as described previously (Duan et al., 2015) .
Bimolecular Fluorescence Complementation Assay
The coding sequence of the nYFP (the N-terminal fragment of YFP) was amplified from plasmid pSY736, fused in-frame with the coding sequences of OsMKKK10 K438M or OsMKKK10 . The coding sequence of the cYFP (the C-terminal fragment of YFP) was amplified from the plasmid pSY735, fused in-frame with the OsMKK4 coding sequence, then cloned into the XbaI and SalI sites of pGWB414 vector to generate the plasmid expressing cYFP-OsMKK4. The primers for these constructs are listed in Supplemental Table 3 . The BiFC assays were performed as described previously (Duan et al., 2015) .
Co-immunoprecipitation
The OsMKK4 coding sequence was cloned into the KpnI and BamHI sites of the pCAMBIA1300-221-Myc vector to generate the 35S:Myc-OsMKK4 plasmid. The OsMKKK10 K438M coding sequence was cloned into the AscI and SacI sites of pMDC43 to generate the 35S: plasmid. The primers for these constructs are listed in Supplemental Table 3 . Transient expression in N. benthamiana, protein extraction, and immunoblot analyses were performed as described previously (Wang et al., 2016) .
In Vitro Phosphorylation Assays
The coding sequences of OsMKK4, OsMKK4
A227T
, and OsMKK4DD were cloned into the BamHI and HindIII sites of the pET-28(a) vector to generate the plasmids pET28(a)-OsMKK4, pET28(a)-OsMKK4
, and pET28(a)-OsMKK4DD, respectively, which were used to express His-tagged proteins in E. coli. , GST-OsMAPK6 K96R was used as template, and DNOsMAPK6-F and DN-OsMAPK6-R were used to generate mutations. The primers for these constructs are listed in Supplemental Table 3 .
Protein expression and purification were performed as described previously (Dong et al., 2017) . Glutathione-Sepharose (GE Life Sciences, Amersham, UK), Magnetic beads coupled to anti-FLAG (Sigma-Aldrich, Gillingham, UK), and His-Select Nickel Affinity Gel (Sigma-Aldrich) were used to purify GST-tagged, FLAG-tagged, and His-tagged proteins, respectively.
Purified proteins were incubated in kinase reaction buffer containing 25 mM Tris-HCl (pH 7.5), 10 mM MgCl 2 , 1 mM DTT, and 100 mM ATP at 30 C for 1 h. The reactions were then stopped by adding the SDS loading buffer and boiling for 10 min. To separate the phosphorylated proteins, we added 50 mM Phos-tag (Phos-tag Acrylamide AAL-107; Wako) and 160 mM MnCl 2 to 8% SDS-PAGE gels. After electrophoresis, the gels were washed with transfer buffer (0.027 M Tris, 0.19 M glycine, and 3.47 M ethanol) with 10 mM EDTA three times (15 min each time) and then washed with the transfer buffer (with no EDTA) for 15 min. After blotting, the phosphorylated GST-OsMAPK6 K96R and His-OsMKK4 K122R proteins were detected by anti-GST and anti-His antibody (Abmart), respectively.
BR Treatment
BR treatment was performed as described previously . The brown Kongyu131, large11-1D, KYJ, and smg2-1 grains were sterilized with 30% NaClO and then grown in half-strength Murashige and Skoog medium containing 0, 0.01, 0.1, and 1 mM homo-BL (22(S),23(S)-homobrassinolide; Sigma, USA), respectively. The roots were observed after 7 days in a light growth incubator (12-h light and 12-h dark cycle).
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